concentrations on airway epithelial surfaces for P2 receptor signaling and reduces by 6-fold adenosine production. Our data suggest a role for this nucleotide-entrapment cycle in the propagation of purine-mediated MCC on human airway epithelial surfaces.
INTRODUCTION
Mucociliary clearance (MCC) represents the first line of defense against lung infection. Inhaled bacteria are trapped within a mucus blanket covering the epithelium and mechanically cleared by coordinated cilia beating activity (review: 1). Extracellular nucleotides are well recognized as regulators of the epithelial functions supporting MCC, including mucus secretion, cilia beat frequency (CBF) and ion channel activities involved in the maintenance of epithelial surface liquid volume (review: 2). Nucleotides are released by the epithelium under basal conditions (3, 4) and in response to membrane stretch (5, 6) , shear stress (7, 8) and hypo-osmotic cell swelling (9) (10) (11) (12) . On the mucosal surface, they interact with two members of the G-protein coupled P2Y receptor (P2YR) family: P2Y 2 (13) and P2Y 6 (14) . P2Y 2 receptors are equally activated by ATP and UTP, but not by ADP or UDP, whereas P2Y 6 receptors are potently activated by UDP, and weakly by ADP. The serosal epithelial surface expresses P2Y 2 (15) and P2Y 1 (ADP > ATP > UTP) (16) receptors. Taylor et al. (17) demonstrated that human airway epithelial cultures also express members of the ionotropic P2X receptor (P2XR) family: P2X 4 and P2X 5 . Patch-clamp and Ussing chamber experiments indicated that ATP-induced Ca 2+ entry through these channels stimulates luminal Cl -secretion. In rabbit trachea, epithelial P2XRs 4 surface conversion of AMP into adenosine (review: 24). Incidentally, adenosine has been shown to trigger MCC-related epithelial responses, including CBF (19, 25) and ion transport (26) (27) (28) .
We reported that human nasal and bronchial epithelial surfaces express metabolic enzymes that sequentially dephosphorylate ATP into ADP, AMP and adenosine, and UTP into UDP, .
Lazarowski et al. (32) proposed that extracellular nucleotide metabolism in human airways also involves transphosphorylating enzymes. They identified a nucleoside diphosphate kinase (NDPK) activity on the mucosal surface of human nasal epithelial cells. Classically described as ubiquitous intracellular enzymes, However, the physiological role of cell surface adenine nucleotide transphosphorylation has not been explored.
In the present study, we describe the biochemical and kinetic properties, as well as the polarity, of ecto-AK expressed at the surface of human bronchial epithelia. We measured the impact of ecto-AK on the availability of adenine nucleotides for P2 (ATP and ADP) and P1 (adenosine) receptors regulating MCC. We tested the hypothesis that ecto-AK could extend the duration of locally-released ATP to promote airway clearance of noxious agents. Biochemical assays were performed on polarized primary cultures of bronchial epithelial cells from normal donors and patients diagnosed with cystic fibrosis (CF), an inherited obstructive lung disease characterized by impaired MCC, chronic infection and inflammation (review: 41). This study provides evidence that ecto-AK plays a major role in the prolongation of P1 and P2 receptor-mediated MCC functions on human airway epithelial surfaces. Forward and reverse ecto-AK activities were calculated from initial linear rates of accumulation of the phosphorylated product. Values were expressed as means ± standard error of the mean (SEM). Unpaired Student's T tests were used to assess the significance between measurements performed on different cultures.
Paired T tests were used for comparisons between mucosal and serosal surfaces of the same culture, or between conditioned buffer and the corresponding epithelial surface. All linear regressions, curve fits and data transformations were performed with PC computer programs Origin and Sigma plot.
RESULTS

Detection of Ectonucleotidase and Ecto-AK Activities on Airway Epithelia --Polarized bronchial epithelial
cultures were assayed for nucleotide metabolism. Figure 1A (Fig. 1D) . These results support a complex interplay between dephosphorylating and phosphorylating activities on human airway epithelial surfaces. activities were detected in the conditioned KRB (Fig. 3A) . On the epithelial surface, the rate of [γ 32 P]ATP dephosphorylation by ATPase activity was 5-fold higher than the rate of AMP phosphorylation by AK activity (Fig. 3B) . Importantly, released ATPase and AK activities represented approximately 3 ± 1% and 11 ± 2% of total surface activity, respectively. The cell surface enzymes, remaining on the bronchial culture after the conditioned KRB was collected, were not eluted by subsequent washes (five rapid changes in KRB). These experiments indicate that the ectoenzymes responsible for the inter-conversion of phosphate groups between extracellular nucleotides were predominantly associated to the epithelial surface of human bronchial epithelial cells.
( (Fig. 4A ).
The rate of AMP phosphorylation was proportional to the Mg 2+ concentration. Figure 4B shows that UMP, GMP and CMP could not substitute for AMP as phosphate acceptor for the forward ecto-AK reaction. In addition, UDP could not substitute for ADP as phosphate donor or acceptor for the reverse ecto-AK reaction (Fig. 4, C and D) . (Table I) . Enzyme assays, performed with saturable substrate concentrations, indicated that forward and reverse activities were 4-fold higher on the mucosal surface (Table I [ These results were in agreement with the higher affinity of the enzyme for ATP over ADP (Fig. 5, A and B) .
The directionality of the reversible ecto-AK reaction suggested that the enzyme could partially circumvent the loss of high-energy phosphate groups resulting from dephosphorylation of AMP into adenosine.
( Table I) Contribution of Ecto-AK to ADP Metabolism -We evaluated the contribution of ecto-AK to the metabolism of ADP on human bronchial epithelial surfaces with the non-permeant AK inhibitor, diadenosine (Fig. 6C ).
(Figure 6)
The possibility remained that this inhibition reflected, at least in part, interactions between Ap 5 A and ADPdephosphorylating enzymes reported on these cells (4, (29) (30) (31) (32) . To address this question, we took advantage of the substrate specificity and ion requirements of ecto-AK (Fig. 4) (Fig. 7B) . Uridine concentration rapidly plateaued at 5-6 µM within 20 min, while adenosine gradually reached 4 µM by the end of the experiment.
( Figure 7 )
The reversible transphosphorylating activity of ecto-AK on adenine nucleotides could be responsible for the differences in UTP and ATP metabolism. Figure 9A indicates that CF was associated with ~ 2-fold higher forward and reverse ecto-AK activities on the mucosal surface (p < 0.05). Interestingly, the disease had no significant effect on serosal ecto-AK. Figure 9B shows that total ADPase activity was enhanced 2-fold by CF on the mucosal epithelial surface. Assays repeated in Mg 2+ -free KRB indicated that ecto-AK was mostly responsible for the impact of CF on ADP metabolism (Fig. 9B) . These experiments demonstrated that ecto-AK activity is enhanced by CF on the mucosal surface of human airway epithelia. Based on the properties of ecto-AK, the dephosphorylating ectoenzymes (4, (29) (30) (31) (32) , P2XRs and P2YRs on human airway epithelial surfaces, we propose the following model for adenine nucleotide-mediated MCC (Fig.   10 ). Immediately following locally-stimulated ATP release, the nucleotide concentration is at its highest, in a range that activates P2XRs (EC 50 
